The clustered regularly interspaced short palindrome repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system is a versatile genome editing tool with high efficiency. A guide sequence of 20 nucleotides (nt) is commonly used in application of CRISPR/Cas9; however, the relationship between the length of the guide sequence and the efficiency of CRISPR/ Cas9 in porcine cells is still not clear. To illustrate this issue, guide RNAs of different lengths targeting the EGFP gene were designed. Specifically, guide RNAs of 17 nt or longer were sufficient to direct the Cas9 protein to cleave target DNA sequences, while 15 nt or shorter guide RNAs had loss-of-function. Full-length guide RNAs complemented with mismatches also showed loss-of-function. When the shortened guide RNA and target DNA heteroduplex (gRNA:DNA heteroduplex) was blocked by mismatch, the CRISPR/Cas9 would be interfered with. These results suggested the length of the gRNA:DNA heteroduplex was a key factor for maintaining high efficiency of the CRISPR/Cas9 system rather than weak bonding between shortened guide RNA and Cas9 in porcine cells.
INTRODUCTION
The clustered regularly interspaced short palindrome repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system is a highly efficient tool for genome editing that has been widely used in a variety of species [1] [2] [3] [4] . In addition to its applications, researchers always focus on optimization of the CRISPR/Cas9 system, including the activity of Cas9 nuclease [5] , design of the guide RNA [6, 7] , and reaction conditions [8] . Guide RNA is 1 part of the CRISPR/Cas9 system that consists of a scaffold sequence and guide sequence [9] . The guide sequence is designed according to study requirements and is a key variable in its applications [10] .
Cas9 system [13, 14] , it is still not clear if the same impact could be applied in porcine cells and no studies have shown how truncated guide RNA sequences influence the efficiency of Cas9. If the relationship between the length of the guide sequence and the efficiency of CRISPR/ Cas9 can be clarified, shortened guide RNAs will be applied extensively and the cost of guide sequence synthesis could be decreased, especially in guide RNA library synthesis.
The pig is important to the human food supply and an ideal model for various human diseases [15] . The CRISPR/Cas9 system has been used to generate genome editing pigs [16] [17] [18] , and is also regarded by virologists as a promising method for the suppression of viral infection in pigs [19, 20] . In the present study, we investigated the relationship between the length of the guide sequence and the efficiency of CRISPR/Cas9 in porcine cells. Additionally, we tried to explore the mechanism of how the shortened guide RNA affects the efficiency of the CRISPR/Cas9 system in genome editing.
MATERIALS AND METHODS

Cell culture
PK15 cells and PKpG cells were cultured in Dulbecco's modified eagle medium (DMEM; Gibco, USA) with 15% fetal bovine serum (FBS; Hyclone, USA), 1% non-essential amino acid (Gibco), 1% penicillin-streptomycin (Gibco), and 2 mmol/L L-glutamine (Sigma, USA). Cells were passaged every 2 day with 0.25% trypsin-ethylenediaminetetraacetic acid (Gibco).
Transfection and selection of enhanced green fluorescent protein (EGFP) positive clone
PK15 cells were cultured to 70-90% confluency, after which pEGFP-C1 plasmid and Lipofectamine 2000 reagent (Invitrogen, USA) were added to the media. Samples were then incubated for 3 day, at which time cells were passaged at a 1:50 ratio. Media were changed to DMEM with 10% FBS and 800 µg/mL G418 (Sigma). After 9 days selected by G418, single cell clones were observed and 1 clone was selected, which all cells expressed EGFP in the chosen clone. This clone was picked and digested into single-cell status by 0.25% trypsin. After 0.25% Trypsin treated transiently, cells were transferred into DMEM with 15% FBS (without G418) and subcultured. After subcultured and proliferated, the cell line expressing EGFP stably was obtained.
Lentiviral production and infection
Five kinds of plasmids were co-transfected into HEK293T cells with the packaging plasmids psPAX2 and pMD2.G (3:2:1 ratio) (Addgene plasmid 12260 and 12259). The process of transfection was conducted in accordance with the manufacturer protocols specified for the Lipofectamine TM LTX Reagent with PLUS TM Reagent (Invitrogen). After 72 h, viral supernatants were filtered through a 0.45 µm low protein binding membrane (Millipore) and concentrated using an Ultra-15 Centrifugal Filter (100,000 NMWL; Millipore).
When PKpG cells were cultured to be 30-40% confluent, media were changed to DMEM with 10% FBS after which lentiviruses and 0.5% polybrene were added to the media to infect PKpG cells. After 24 h, the media was changed to DMEM with 15% FBS.
EGFP from those that did not. PK15 cells were sorted as negative controls to build an EGFP negative gate.
Western blot
Cells were lysed with 1% Triton X-100 (Sigma) and then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis, after which proteins were transferred to the polyvinylidene difluoride membrane (Millipore). EGFP primary antibody (ab32146; Abcam) and secondary antibody (A9169; Sigma) were used to detect EGFP, while beta-actin primary antibody (A1978; Sigma) and secondary antibody (A9044; Sigma) were used to detect betaactin as a loading control. An ECL Chemiluminescent Substrate Reagent Kit (Invitrogen) was used to detect blots of proteins.
RESULTS
Design and strategy
Guide sequences 19 nt, 17 nt, 15 nt, and 13 nt in length targeting the same site of the EGFP gene were designed and synthesized (Fig. 1A) . These guide sequences were cloned into the lentiCRISPRv2 vector between the U6 promoter and the guide RNA scaffold ( Supplementary  Fig. 1 ). Additionally, we designed a 20 nt guide sequence with no target site in the pig genome as the control. To test the efficiency of these guide RNAs for gene knockout, the porcine PK15 cell line was transfected with pEGFP-C1 plasmid (Supplementary Fig. 2A ). After being selected by G418, we chose 1 clone that expressed EGFP protein stably (Supplementary Fig. 2B ) and cultured 1 cell line denoted PKpG (Fig. 1B) . FACS revealed that there were 99.7% EGFP positive cells in the PKpG cell line (Fig. 1C) ; therefore, this line was used as 1 rigorous material in this study (Fig. 1D) . After lentivirus packaging, we obtained 5 types of lentivirus. PKpG cells were then infected, selected with puromycin, and subjected to a series of tests 12 day after infection.
High efficiency of CRISPR/Cas9 with 19 nt and 17 nt length guide RNAs
Twelve days after infection, there was an obvious difference between experimental groups and the control group. Specifically, there was an increase in the number of EGFP negative cells in the 19 nt and 17 nt-EGFPgRNA groups compared with control group, but not in the 15 nt and 13 nt-EGFPgRNA groups ( Fig. 2A) . These results showed that Cas9 nuclease could contribute to EGFP knockout with a guide of 19 nt and 17 nt-EGFPgRNA. The FACS assay showed that the rates of EGFP negative cells of the 19 nt-EGFPgRNA group and the 17 nt-EGFPgRNA group were 90.23% ± 3.66% and 90.28% ± 3.51%, respectively, which were significantly higher than that of the control group (0.10% ± 0.07%; p < 0.001). However, the rates of EGFP negative cells in the 15nt-EGFPgRNA group and 13nt-EGFPgRNA group were 0.20% ± 0.01% and 0.31% ± 0.17%, respectively ( Fig. 2B and Supplementary Fig. 3 ). Western Blot demonstrated that there was almost no expression of EGFP in the 19 nt-EGFPgRNA group and the 17nt-EGFPgRNA group (Fig. 2C) . The guide RNA region was confirmed by Sanger sequencing of the PCR amplicon ( Fig. 2D and E) , which revealed that the mutation contained insertions and deletions (Fig. 2F ) that altered the reading frame. Taken together, these results confirmed that the 19 nt and 17 nt guide RNAs were sufficient to direct Cas9 protein to sequence-specifically cleave target DNA sequences, while the 15 nt and 13 nt long guide RNAs resulted in loss-of-function.
Length of the gRNA:DNA heteroduplex influences the efficiency of CRISPR/Cas9
It has been reported that guide sequences containing transversion mismatches could have reduced efficiency [21] . Interestingly, our results showed that there is no function of Cas9 in the 15 nt-EGFPgRNA group. It might be different reason between shortened guide RNA and normal guide RNA with mismatches. No function of Shortened guide RNA might result from low efficiency of guide RNA and Cas9 combine or guide RNA and target DNA combine.
To determine if either the length of guide sequence base-pairing with the DNA target or the length of the guide RNA is the key factor influencing the combination of Cas9 and the target site, we designed three 18 nt guide sequences targeting the same site of the EGFP gene, including single, double and triple mismatches at the 5′ end (denoted 1-M, 2-M, and 3-M, respectively; Fig. 3A) . The results of the FACS assay showed that there was an increase in the number of EGFP negative cells in the 1-M group (Fig. 3B and C) ; however, there was no significant difference among the 2-M, 3-M, and control group. Based on these results, we inferred the length of the guide sequence base-pairing with the DNA target influenced the efficiency of the CRISPR/Cas9 system during genome editing.
Shortened guide RNAs with mismatches interfere with the efficiency of the CRISPR/Cas9 system
To further verify our results, we designed another guide sequence based on the 1-M group, which was denoted 1-M* (Fig. 4A) . When compared with the guide sequence of the 1-M group, there was another mismatch in the guide sequence of the 1-M* group. However, the results of the FACS assay showed that there was no significant difference between the 1-M* group and the control group ( Fig. 4B and C) , while there was a significant difference between the 1-M* group and the 1-M group, suggesting the difference resulted from the additional mismatch. These findings verified our inference that the excessively shortened guide RNA interfered with the efficiency of CRISPR/Cas9 system via the reduction in the length of the gRNA:DNA heteroduplex.
DISCUSSION
In this study, we demonstrated that the length of guide RNA has a significant effect on the efficiency of gene knockout in the CRISPR/Cas9 system in PK15 cells. The efficiency of CRISPR/Cas9 was not be affected by gene knockout when the length of the guide RNA was 17 nt or longer; however, it was influenced when the guide RNA was shortened to 15 nt or less.
This influence was complete and resulted in Cas9 nuclease having no effect on the targeting site. Moreover, these effects were caused by changes in the length of the gRNA:DNA heteroduplex. As shown in our study, the shortest guide RNA with normal function could be used for reducing off-target efficiency, because the function could be influenced once there were 1 or more mismatches in the shortest guide RNA. It explained why the shortened guide RNA could reduce the off-target effects [13] .
In addition to revealing the relationship between the length of guide RNA and the efficiency of gene knockout, our study provided data that will facilitate the design of guide RNA. With a valid length range, more guide RNA candidates can be chosen for Cas9-mediated genome editing in porcine cells. Furthermore, the cost can be reduced by shortening the guide RNA, especially with respect to guide RNA libraries construction, without reducing the gene knockout efficiency. Indeed, the cost can be decreased by 15% (3/20) extensively used in application of the CRISPR/Cas9 system. To date, all guide RNA libraries have used only 1 species or cell line [12, 22] . Although a sharable guide RNA library could theoretically be constructed by synthesizing all of the potential guide sequences, the large cost makes it impossible. However, the present study shows that the cost can be reduced greatly using the shortened guide RNA.
Guide sequences containing mismatches have been shown to reduce the efficiency of CRISPR/Cas9-mediated gene knockout [21] . Interestingly, our results showed that Cas9 nuclease had no function in the 15nt-EGFPgRNA group instead of low efficiency gene knockout. Although our results indicated that the length of the gRNA:DNA heteroduplex influences the efficiency of Cas9, the large difference between the 17 nt and 15 nt-EGFPgRNA group implies that the 2 nucleotides might be the key sites in the guide RNA-Cas9 complex. The structure of Cas9 had been reported [9] and the backbone phosphate groups of the guide sequence (nucleotides [15] [16] [17] are known to interact with the REC1 domain (Lys510 and Tyr515). Based on the available data, it can be speculated that the REC1 domain of Cas9 may be essential to its ability to recognize and cleave target DNA.
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